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Abstract
Identifying the source population of alien species is important to assess the dis‑
tribution and potential effects in the invaded area. The araneid spider Cyrtophora
citricola is widely distributed in Europe, Asia, and Africa; however, in the last 26
years, it has been reported in several countries across the Americas. To date, the
geographic origin of the populations established in the Americas remains unclear,
but considering the successful colonization after its recent arrival, assessing cli‑
matic similarities between the invaded and native geographic ranges could be use‑
ful to address this question. In this study, we used a combination of Species Dis‑
tribution Models and Ordination Methods to assess the climatic match between
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the invaded region (the Americas) and two potential origins (southern Africa and
the Mediterranean) aiming to determine the more likely origin for the popula‑
tions established in the Americas. We found that the American populations of C.
citricola occupy sites with climatic conditions more similar to those occupied by
southern African populations, than to those occupied by the Mediterranean pop‑
ulations. Therefore, our results suggest a southern African rather than a Mediter‑
ranean origin for the populations established in America. In addition, our results
also show that populations in America are spreading into sites that differ in cli‑
mate conditions from those occupied by native populations. Further studies as‑
sessing intrinsic (e.g., physiological tolerances, plasticity, behavior, reproduction)
and extrinsic (physical barriers, predator release) factors could provide further in‑
formation to disentangle the mechanisms behind the geographic and climatic
niche expansion of this species.
Keywords: Species distribution modeling, Biogeography, Cyrtophora citricola,
Araneidae, Mediterranean, Africa

Introduction
Intercontinental translocation of species, mediated primarily by hu‑
man activities, has increased steadily over the last decades (Lockwood
et al. 2013; Ricciardi 2013; Pyšek et al. 2020). The establishment suc‑
cess of long-distance invading species in a recipient area is a syner‑
getic process that depends primarily on the species’ dispersal capac‑
ity, the propagule pressure, and the environmental similarity between
original and recipient areas (Brown et al. 1996; Peterson 2003; Lock‑
wood et al. 2013). Most research on long-distance invading species
has centered on plants and vertebrates (Mollot et al. 2017), while in‑
formation on other groups, such as spiders, is scant (Nentwig et al.
2017; Řezač et al. 2021).
Successful invasions depend on several extrinsic and intrinsic fea‑
tures of each species (Kolar and Lodge 2001; Bellard et al. 2016). For
instance, the abiotic environment represents an important filter in the
establishment success of invasive species (Soberon 2007; Bomford et
al. 2009; Broennimann et al. 2021); therefore, species would likely be
more successful in sites with similar climatic characteristics to those
occupied in their native range (Peterson 2003; Wiens and Graham
2005). For long-distance dispersal species, other factors, such as tol‑
erance to long periods of starvation and desiccation, high reproduc‑
tive rate, and high dispersal capacity, are also relevant for a successful
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invasion (Lockwood et al. 2013; Jeschke and Heger 2018). Some spi‑
ders have these features (Foelix 2011; Nedvěd et al. 2011), making
them well-suited for invading new and distant geographical areas,
particularly through human-mediated long-distance jumps.
There are few reports of trans-oceanic spider invasions in the Neo‑
tropics (Garb et al. 2004; Laborda and Simo 2008), and the most re‑
cent corresponds to the tent-web spider Cyrtophora citricola (Forsskal
1775) (sensu lato). Cyrtophora citricola is reported to have a discontin‑
uous native distribution, but is restricted to the tropics and subtropics
(Blanke 1972). It is found in southern and northern Africa, southwest‑
ern Asia (Afghanistan, Saudi Arabia, and India), and southern Europe
(around the Mediterranean sea) (Blanke 1972), where it is often asso‑
ciated with coastal habitats (Blanke 1972). This species has recently
invaded the Americas, with the first report in 1996 in Colombia (Levi
1997). Then it was recorded, chronologically, in the Dominican Repub‑
lic (Alayon-Garcia et al. 2001), Florida (Edwards 2006; Mannion et al.
2002), Costa Rica (Viquez 2007), Cuba (Alayon-Garcia 2003; SanchezRuiz and Teruel 2006; Martin-Castejon and Sanchez-Ruiz 2010; Ter‑
uel et al 2014), Brazil (Soares-Alvares and De-Maria 2004) and Haiti
(Starr 2005).
Invasive species have a pervasive negative impact on ecosystems,
communities, and populations, and thus, on the biodiversity in the re‑
cipient areas (Gurevitch and Padilla 2004; Ehrenfeld 2010). Although
research has focused on plants and vertebrates, arthropod invader
species are also known to affect the abundance and diversity of lo‑
cal species (Snyder and Evans 2006; Vonshak et al. 2010; Tilman et al.
2017). A major issue with the negative impact of invasive species is
that when the problem is noted, it is difficult—if not impossible—to
eradicate the species or at least manage it appropriately (Simberloff
et al. 2013). Prevention has been argued to be the best approach to
reduce the impact of alien species in the recipient area, and knowing
the environmental characteristics of the native distribution, as well as
those of the occupied area in the invaded region, is one of the es‑
sential factors required to limit the negative impact of alien species
(Latombe et al. 2017). Hence, evidence of the climatic characteristics
on the native region of C. citricola would provide relevant information
on the potential expansion of the species in the Americas, and which
native species could be likely affected.
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The specific region from which C. citricola migrated to the Amer‑
icas remains unknown. Previous evidence shows that recent invad‑
ers tend to occupy similar climatic conditions to those in their native
range (Gillard et al. 2020; Liu et al. 2020a). Moreover, habitat suitabil‑
ity models, which compare the native and invaded climatic conditions,
have successfully predicted the spreading of different invasive species
of animals and plants in non-native regions (Iguchi et al. 2004; Fice‑
tola et al. 2007; Jarnevich and Reynolds 2011). Given the climatic dif‑
ferences between the regions composing the disjunctive native dis‑
tribution of C. citricola (Cowling et al. 1996; Koppen et al. 2011; Peel
et al. 2007), comparing their climatic match with invasive populations
could help identify the most likely geographic origin of the Ameri‑
can populations.
Considering that many populations of C. citricola in the Mediter‑
ranean and southern African regions occur near coastal areas (Blanke
1972), and that the species constructs long-lasting webs, there is a
high chance that it was introduced to the Americas via merchant ma‑
rine vessels (Hulme 2009). In its native range, C. citricola occupies
open areas with seasonal climates (Blanke 1972). In the Americas, the
species has been reported in urban or highly altered habitats in sea‑
sonal areas (Viquez 2007), suggesting that the spider tends to estab‑
lish in sites that share similarities with native habitats. However, while
preliminary molecular phylogenetic analyses suggest a closer relation‑
ship between the American and the southern African populations (Ag‑
narsson et al. unpublished), the morphology and behavior of Ameri‑
can populations seem more similar to the Mediterranean populations
(Y. Lubin pers. comm.). Incorporating climatic information could help
to better understand this contradictory scenario and track the poten‑
tial origin of the populations of C. citricola in the Americas.
In this study, we describe the realized climatic niche of C. citricola
in the Americas and provide quantitative support for the most likely
geographic origin of its invasion in the Americas. Using a combination
of species distribution models (SDMs) and ordination techniques we
(1) tested which of the realized niches of the Mediterranean or south‑
ern African populations predict more accurately the current distribu‑
tion of this spider in the Americas, and (2) quantified with different
metrics the match between the climate of each native region and the
invaded regions in the Americas. Considering that the invasion of C.

L. Segura‑Hernandez et al. in Biological Invasions, 2022

5

citricola in the Americas is very recent (it has been less than 30 years
since it was first reported), we expected that established populations
occupy habitats with similar climatic niches to those of the native re‑
gion (Peterson 2003, 2011; Zhang et al. 2020). Therefore, the climate
niche of the C. citricola in the Americas should have a higher overlap
with the most probable source region of the two native ranges, and
this should be supported by the consensus of the multiple tests per‑
formed here.
Methods
Species occurrences
We compiled 2795 geo-referenced occurrence points of C. citricola
from five different sources. We obtained 258 data points from the
Global Biodiversity Information Facility (GBIF.org; accessed on March
28th 2018, https://doi.org/10.15468/dl.hi6ahq ), 18 from Species‑
Link (http://splink.cria.org.br/ , accessed on April 4th, 2018), and
662 from the Royal Museum of Central Africa database. We also ob‑
tained 78 records from different literature sources (Online Resource
1) and collected 13 points in the field in Costa Rica that we geo-ref‑
erenced using Google Earth. Additionally, our colleague Angela Ch‑
uang kindly provided 1574 data points from the USA, collected as
part of her research.
Before conducting the analyses, we first removed duplicates and
discarded erroneous records from the database using QGIS (version
3.0.1-1). We checked all records individually, excluding those points
located on the ocean or outside the city mentioned in the locality
description. In such cases, we also checked for missing or incorrect
signs in the coordinates and misplacements of the decimal separa‑
tor that may generate erroneous occurrences. If those changes still
did not match the described locality, we discarded the respective oc‑
currence. Finally, we filtered the remaining data using the R package
spThin (Aiello-Lammens et al. 2015) to remove all data points hav‑
ing less than a distance of 5 km from any other point and guaran‑
tee one record maximum per cell according to the resolution of our
climatic layers. After this procedure, we gathered 32 data points for
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Fig. 1 Invaded and native distributions of the araneid Cyrtophora citricola, defined
as study regions (a–c) to run the SDM: a) represents the occurrences recorded in
the Americas, b) the occurrences in the southern African region and c) the occur‑
rences for the Mediterranean region

South Africa and southeastern Mozambique (hereafter, the south‑
ern African region), 108 for the Mediterranean region and 122 for
the Americas (Fig. 1).
Climatic information
To quantify climatic conditions throughout C. citricola’s distribution
range, we used data from the World-Clim database Version 2 (Fick
and Hijmans 2017, http://www.worldclim.org ) at a 2.5 arcmin resolu‑
tion. We used a subset of the 19 WorldClim bioclimatic variables for
all analyses. We also constructed a Maximum Annual Wind Speed
(hereafter wind speed) layer by extracting the maximum speed val‑
ues for each cell layer within the monthly layers of wind speed, also
provided by the WorldClim database Version 2. We included this last
variable since newborn spiderlings of this species disperse by wind
(Johannesen et al. 2012), and wind speed conditions affect the direc‑
tion and distance at which spiders disperse (Sheldon et al. 2017).
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For the analyses described below, we selected six climatic vari‑
ables by prioritizing (1) a reduction in multicollinearity and (2) the
biological relevance of the variable considering the species’ life his‑
tory (Saupe et al. 2012; Brandt et al. 2017). To do so, we built a Pear‑
son correlation matrix and assessed which variables were highly cor‑
related (|r|> 0.7) across the studied regions. We then counted the
number of variables that were highly correlated with each other (e.g.,
Bio 12 was highly correlated with other 11 variables, while Bio 1 was
highly correlated with only four) (Dormann et al. 2013). Considering
that this species lives for several months (Yip and Lubin 2016), we
decided to focus on variables that better represent temperature or
precipitation extremes for more extended periods (e.g., quarterly av‑
erages were preferred over monthly averages). Therefore, we chose
Bio 10 (mean temperature of the warmest quarter), Bio 16 (precipi‑
tation of the wettest quarter), and Bio 17 (precipitation of the driest
quarter). These variables were highly correlated with different sets of
other excluded variables, but not among them. We maintained Bio 2
(mean diurnal range) and Bio 15 (precipitation seasonality), as they
were not strongly correlated (R < 0.7) with any other variables. We
also kept wind speed that, as explained above, relates to this spe‑
cies’ dispersal mechanism.
Species distribution models
To estimate potential distributions for the native and invasive popu‑
lations of C. citricola, we created three sets of candidate SDMs using
Maxent v3.4.3 (Phillips et al. 2017): one set for each of the two poten‑
tial native regions (southern Africa, Mediterranean) and one for the in‑
vaded region (the Americas). We generated sets of models with differ‑
ent model complexity in the R package ENMeval v2 (Kass et al. 2021).
For this, we used variations of two different parameters: (1) regular‑
ization multipliers that penalize complexity and result in simple mod‑
els with fewer predictor variables (see Elith et al. 2011; Phillips et al.
2017) (we selected values ranging from 1 to 4, at intervals of 0.5) and
(2) different feature classes (transformations of the values of the cli‑
matic variables, see Elith et al. (2011)) including Linear (L), Quadratic
(Q), Hinge (H), and their combinations (Phillips et al. 2006, 2017; Phil‑
lips and Dudik 2008).
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We calibrated all candidate models by delimiting an area of 50 km
around the presence points of each region (as other web-building spi‑
ders have been recorded to disperse up to 30 km, Thomas et al. 2003),
and used 10,000 background points, a number used often in the litera‑
ture (Phillips et al. 2009; Barbet-Massin et al. 2012). Therefore, the cal‑
ibration area would include enough information to adequately sample
the climate available for the species and to contrast with those condi‑
tions in which the species occur. To improve independence between
validation and training points in each region, we spatially partitioned
the data using the Checkerboard 2 method (default aggregation fac‑
tor). This method divides the data into four spatial bins and facilitates
the inclusion of isolated occurrences without altering the geograph‑
ical size of the bin (Muscarella et al. 2014). Therefore, we considered
this method appropriate for the scattered occurrences in the studied
regions. To select the model with the optimal settings from each set
of candidate models, we prioritized those with (1) the highest aver‑
age Area under the Curve for the validation points (AUC val.avg) and (2)
the lowest value of the 10% omission rate (OR10) following the listed
order; for details regarding these criteria, see Muscarella et al. (2014)
and Kass et al. (2021).
The selected models for each native region were projected to the in‑
vaded region. To evaluate how accurately these models predicted the
species distribution in the invaded range, we projected the models to
the Americas and estimated the Continuous Boyce Index (CBI, Boyce
et al. 2002; Hirzel et al. 2006). This metric evaluates model transferabil‑
ity using presence-only data to quantify how different the model pre‑
dictions are from a random distribution of observed presences across
the prediction gradient (Hirzel et al. 2006). Positive values indicate that
the model accurately predicts the distribution of presence data, while
negative values predict low suitability in areas where presences are fre‑
quent, and values near-zero indicate models that do not differ from ran‑
dom models (Hirzel et al. 2006). This analysis was performed using the
ecospat package (Di Cola et al. 2017). In addition, we conducted a Mul‑
tivariate Environmental Similarity Surface (MESS; Elith et al. 2010) anal‑
ysis using the dismo R package (Hijmans et al. 2021) to identify areas
where each model is extrapolating and that should be interpreted with
caution (included in the Supplementary materials). For this analysis we
used the same variables used to train the SDMs.
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Niche overlap and niche margin index estimation
To quantify and compare the two native niches with the invaded niche
in the climatic space, we followed the protocols and metrics used
in studies of climatic niche dynamics (Guisan et al. 2014) that mea‑
sures centroid shifts, overlap, unfilling and expansion (COUE scheme;
Guisan et al. 2014). First, we used the PCA-env approach described
by Broennimann et al. (2012) based on the same six variables selected
to build the SDMs. This is an ordination method that represents the
climatic space of the species niche using kernel densities of the cli‑
matic variables extracted from the species occurrences (Broennimann
et al. 2012).
With the PCA-env, we performed tests of niche equivalency and
niche similarity (Warren et al. 2008). Both tests estimate differences
between a measured niche and null model niches within a given back‑
ground area: while niche similarity assesses whether the niches are
more or less similar than expected by chance, niche equivalency in‑
forms if two niches are equivalent (Di Cola et al. 2017). From the
PCAenv, we also estimated “stability”, “expansion” and “unfilling”. “Sta‑
bility” estimates the proportion of climatic conditions shared between
two regions (Petitpierre et al. 2012), in our case the invaded versus
each of the two native regions. “Expansion” estimates the proportion
of conditions in which the species is present in the invaded range but
not in the native range; and “unfilling” estimates the proportion of the
native niche that does not overlap with the niche occupied in the new
range (Petitpierre et al. 2012). All these analyses were performed using
functions available in the ecospat package in R (Di Cola et al. 2017).
Additionally, we complemented our COUE analysis using the n-di‑
mensional hypervolume approach of Blonder et al. (2014). This ap‑
proach decomposes the climatic niche, and estimates shared and un‑
shared niches between two or more species in n-hypervolume climatic
space. We compared the niches of the two native populations (south‑
ern Africa and the Mediterranean) and the invasive population (the
Americas). For hypervolume estimation, we used the same climatic
variables used to train the SDMs. All layers were standardized to zscores by subtracting the layer mean from each cell value and divid‑
ing the resulting value by the layer variance. We extracted the value
of the standardized layers for each occurrence and with them, ran a

L. Segura‑Hernandez et al. in Biological Invasions, 2022

10

principal component analysis (PCA). We selected the first five PCA
axes, which explained 99% of the variance of the entire dataset. Us‑
ing the PCA-scores of each population, we generated hypervolumes
with the hypervolume R package (Blonder and Harris 2018), using the
Gaussian kernel density estimation and the rest of the parameters with
the values established by default; we used the “Silverman” method to
estimate the bandwidth (Blonder et al., 2018). We evaluated the sim‑
ilarity between populations using the kernel.similarity function of the
BAT R package (Cardoso et al. 2021). We chose the pairwise centroid
distance and the minimum distance to evaluate the spatial related‑
ness between the hypervolume populations. To assess the overlap
between hypervolume populations, we used the intersection and So‑
rensen-Dice similarity indices (Cardoso et al. 2021). We also decom‑
posed the niches to estimate the total niche differentiation (Htotal) and
the shared volume (Hoverlap) between populations using the function
kernel.beta of the same package (Cardoso et al. 2021). We report the
hypervolumes in niche units as the standard deviations to the power
of the number of niche dimensions used (5).
Finally, we computed the Niche Margin Index (NMI, Broennimann
et al. 2021) for all occurrences in the Americas to quantify their niche
matching with each native climatic niche (NCN) of the potential regions
of origin (i.e., Mediterranean and southern Africa). NMI is a recently pro‑
posed niche metric based on the distance to niche margins by estimat‑
ing a standardized distance between a given locality and the species’
NCN margin (Broennimann et al. 2021). The obtained values range be‑
tween -∞ and + 1, where negative values represent sites outside the
NCN, zeroes correspond to sites in the niche margin, and positives to
sites inside the NCN. We ran this analysis using the functions provided
in the supplementary material of Broennimann et al. (2021) and the
same bioclimatic variables used in the previous analyses.
Results
The evaluation metrics of the three models selected showed an over‑
all good performance when projected to the same region where
they were trained. Evaluation with cross-validation showed omis‑
sion rates below 0.1 (ORMTP: Southern Africa = 0.05, Mediterranean
and the Americas = 0.01), and AUC around 0.7 (Southern Africa and
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Table 1 Parameters and evaluation metrics of the models selected for each region
analyzed
Region

Southern Africa

Mediterranean

Americas

Data partition method

Checkerboard 2

Checkerboard 2

Checkerboard 2

Regularization multipliers
ORMTP (sd)a

1

1

1

Feature Classes

AUC VAL.AVG (sd)b
OR10 (sd)c
Parameters

Linear

0.05 (0.06)
0.69 (0.17)
0.07 (0.08)
4

Quadratic

0.01 (0.01)
0.69 (0.06)
0.10 (0.01)
6

Quadratic

0.01 (0.01)
0.75 (0.05)
0.09 (0.04)
6

The standard deviation for each value is included in parentheses.
a. ORMTP: Minimum training presence omission rate
b. AUC VAL.AVG: Average Area Under the Curve Across 5 CV training–testing sets (four bins
and one all training–testing)
c. OR10: 10% Training omission rate

Mediterranean = 0.69, the Americas = 0.75) (see Table 1, Supp. Fig.
S1). When projecting the models trained in the native regions to the
Americas, the southern African model predicted broader areas of high
climatic suitability for C. citricola across the invaded region compared
to the prediction obtained from the Mediterranean model (Fig. 2),
which coincided with the results from our MESS, that showed that
southern Africa is more similar to the Americas as well (Supp. Fig. S2).

Fig. 2 Predictions of the distribution of Cyrtophora citricola in the Americas pro‑
jected from the two native niche models. The gray maps in each panel show the dis‑
tribution of suitability values assigned by the respective model to each occurrence.
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Fig. 3 Overlap tests for both native regions. a) Equivalency tests showing that the
niches of the Americas and southern Africa are equivalent, but the Mediterranean
and American niches are not. b) Similarity test results for both native regions pro‑
jected to the Americas. Southern Africa is more similar to the Americas than what
would be expected by chance, while the Mediterranean is not. Red lines in the plots
show the observed value of overlap (Schoener´s D), gray bars show the distribution
of D values for 1000 simulated comparisons.

Using the invasion occurrences as an independent evaluation set, we
found a higher CBI in the southern African model (CBI = 0.756) than
in the Mediterranean model (CBI = 0.126).
We found that climatic niche overlap between the southern African
and the Americas regions is moderate to low (D = 0.3) but is higher
than the overlap between the Mediterranean region and the Ameri‑
cas (D = 0.05). The niche equivalency test was significant only for the
southern Africa region, suggesting that the compared southern Afri‑
can and the Americas niches are equivalent when compared with the
random overlaps generated for the null model. (Fig. 3). The niche sim‑
ilarity tests were also significant when comparing the American and
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Fig. 4 Representation of overlap between native and invaded niches of C. citricola
in the climatic multivariate space using the PCAenv method.

southern African niches, suggesting that the southern African and
American niches are more similar than expected by chance (Fig. 3).
According to the PCA-env analysis, the climatic niche of C. citricola
in southern Africa had a greater overlap (Stability 85%) with the cli‑
matic niche in the Americas than with that in the Mediterranean range
(Stability 7%) (Fig. 4). This result also indicates that this spider has oc‑
cupied new climatic conditions (analog niche expansion) in the Amer‑
icas when compared to those in the native range: 15% based on the
southern African model and 93% based on the Mediterranean Model.
The species has also expanded to areas with completely new climatic
niches not available in its native distribution (Fig. 4).
Our n-dimensional hypervolume approach also supported these re‑
sults; the American population shared a higher climatic niche volume
with the southern African population (Hoverlap = 3.608) than with the
Mediterranean one (Hoverlap = 1.379). The total differentiation of vol‑
umes was higher between the American and the Mediterranean popu‑
lations (Htotal = 0.918) than between the American and the southern Af‑
rican populations (Htotal = 0.862). The American population had a closer
centroid and higher similarity (Intersection and Sorensen similarity in‑
dex) of hypervolumes with the southern African population than with
the Mediterranean population (Table 2, Supp. Fig. S3). However, based
on the minimum distance between hypervolumes, the Mediterranean
population was closer to the American population (Table 2).
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Table 2 Distance values and similarity indices between the hypervolumes of three popula‑
tions of the spider Cyrtophora citricola
Distance 			

Minimum distance

		Americas

Mediterranean

Southern Africa

Distance between centroids
Americas 		
Mediterranean
1.97
Southern Africa 1.79

0.08
0.07
0.65

0.12

0.14
0.31
3.71

0.22

Similarity
Intersection

Sorensen’ similarity
Americas 		
Mediterranean
1.29
Southern Africa 3.36

In the distance matrix: the above diagonal (italic) values represent the minimum distance be‑
tween hypervolume borders of two populations; below diagonal values correspond to the
distance between hypervolume centroids. In the similarity matrix: the above diagonal (italic)
values represent Sorensen’ similarity index and below the diagonal are the volume of the in‑
tersection values of two volumes

The NMIs estimated for each occurrence in the alien range were
consistent with higher similarity between the invaded region and the
southern African native climatic niche (Fig. 5.A). This analysis also
showed many sites that fall outside the Mediterranean and southern
African climatic niches. However, we found a significant difference in
NMI values between regions (F(1, 3346) = 1215, p = < 2e−16), providing
evidence of higher climatic niche matching between the alien occur‑
rences and the southern African niche (Fig. 5B).
Discussion
In this study, we aimed to identify the possible geographic origin of
the invasion of C. citricola in the Americas by determining which of
the two potential native distributions shared more climatic condi‑
tions with the invaded region. We used a variety of niche comparison
methods and found strong consistency between our results that the
climatic conditions occupied by C. citricola in the Americas, which are
more similar to those in the southern African region than those occu‑
pied by this species in the Mediterranean region.
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Fig. 5 Niche Margin Index (NMI) analysis for the alien occurrences of Cyrtophora
citricola in relation to the potential native climatic niches (NCNs). A) In green, the
global available climatic space; each native niche (Mediterranean in blue and South‑
ern African in orange) was estimated with a kernel density estimator and the alien
occurrences in the Americas (red points). B) Boxplots comparing the NMI values
assigned to each of the alien occurrences (N = 1720) in relation to the reference
NCNs. The dotted red line crosses the zero value, which represents the margin of
the NCNs, with positive values being inside and negative values outside each NCN.

The successful establishment of a given species in a new geo‑
graphic area is largely determined by the biotic and abiotic features
of the recipient area and species-specific life-history traits, such as dis‑
persal capability, demographic structure (e.g., sex ratio), and adapt‑
ability to different environmental conditions and novel biotic interac‑
tions (e.g., a new set of predators and parasites) (Brown et al. 1996;
Guisan and Zimmermann 2000). After arrival, the climatic conditions
could play a fundamental role in species establishment (Nunez and
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Medley 2011; Peterson 2003; van Wilgen and Richardson 2012). Spe‑
cies arriving to places with similar conditions to those of the native
area are more likely to succeed in their establishment than species
arriving at sites with a different combination of climatic conditions
(Brown 1989; Peterson 2003; Hayes and Barry 2008; Liu et al. 2020a;
Broennimann et al. 2021). Given that the invasion of C. citricola is very
recent, the significantly higher similarity of the climatic conditions be‑
tween American and southern African populations found in this study
supports the hypothesis that this species dispersed from the south‑
ern African region to the Americas. Such a result is congruent with
preliminary genetic data suggesting a southern African origin for the
American populations (Agnarsson et al. unpublished).
Interestingly, our analyses also showed that C. citricola occupies
novel sets of climatic conditions in the Americas, not present in the
native regions analyzed (i.e., non-analog niche shift, Fig. 4). This find‑
ing provides evidence for either a realized niche shift into environ‑
mental conditions not available in the native ranges, or a true shift
in the fundamental niche. In the Americas, C. citricola could be occu‑
pying new environmental combinations not accessible in the native
ranges but compatible with the species’ intrinsic physiological toler‑
ance (Sagarin et al. 2006). It is also possible that this species experi‑
enced a realized niche shift through phenotypic plasticity, either by
physiological (e.g., thermal tolerances) or behavioral (e.g., spider ori‑
entation in the web, Marice and Agnes 2010) responses. Finally, the
observed expansion to non-analog climatic conditions could be an
example of a rapid adaptation that has led to a fundamental niche
shift in the American population of C. citricola. Rapid adaptations
have been observed in multiple recent invasions (Yoshida et al. 2007),
and they offer a unique opportunity to understand invasion ecology
from an evolutionary perspective. Evidence of intraspecific adapta‑
tion to different climatic conditions has been found in other spiders
(Tanaka 1996; Krehenwinkel and Tautz 2013). Future studies elucidat‑
ing the factors behind the niche shift in C. citricola could be highly
informative in discerning whether this is a case of phenotypic plastic‑
ity or rapid adaptation.
Niche shifts recorded for recently invading species (Liu et al. 2020a)
pose a particular challenge to the transferability of SDMs for the risk
assessment of biological invasions (e.g., Atwater et al. 2018; Liu et al.
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2020b; Pili et al. 2020; Nguyen and Leung 2022). However, our focus
here was to contrast the similarity between two potential native re‑
gions and the known distribution of the species in the invaded range.
Then, while it is possible for C. citricola to expand its niche soon after
arrival to the Americas (as reported for other terrestrial ectotherms,
Liu et al. 2020a), we consider this species would overall share more
niche similarities to its potential source population’s region than other
regions. However, we acknowledge that this limitation of correlative
approaches requires further empirical studies to discern between the
role of niche conservatism and the possibility of a rapid niche expan‑
sion in driving the establishment of the species in the Americas.
Similar to other invasive species, C. citricola has several traits that
facilitate its rapid spread and establishment in the Americas. This spi‑
der is a generalist predator, so the diet is not a major limitation (Chau‑
han et al. 2009). It has a long annual reproductive season and a high
reproductive rate: one female can produce several egg sacs during
a single reproductive season (Chauhan et al. 2009; Leborgne et al.
1998). It has a dispersal method (ballooning) that allows a rapid es‑
tablishment into new areas (Teruel et al. 2014), and the species is also
highly tolerant of disturbed environments—favoring its establishment
in open areas around cities (Nedvěd et al. 2011; Sanchez-Ruiz and Ter‑
uel 2006; Teruel et al. 2014). For instance, in Costa Rica we have ob‑
served that if conditions are suitable for an effective dispersal (e.g.,
open fields and mild seasonal climate), the species could rapidly oc‑
cupy new areas including some with distinct conditions to those first
occupied in the recipient region. In this country, C. citricola was first
reported in dry, seasonal sites and progressively invaded more wet
and less seasonal habitats, with the most recent report at the edge of
Caribbean forests (GB unpublished). Thus, this species has apparently
rapidly adapted to more humid and less seasonal climates but is al‑
ways associated with open fields. However, dense tropical forested ar‑
eas apparently limit the expansion of this spider species. Several nonsystematic samplings in forested areas conducted close to sites where
the species has been observed over three years, showed that the spe‑
cies is rare at the edge of tropical dry and rain forests (Sandoval and
Barrantes unpublished).
The present study is, to our knowledge, the first to combine dif‑
ferent methods comparing climatic conditions to assess the possible
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origin of an invasive species. This idea has been previously proposed
(Steiner et al. 2008), but this is the first study that deduces the more
likely invasion source by comparing climatic similarities between the
potential native and invaded regions. However, we are aware that
this approach has some drawbacks. A general limitation in our re‑
sults is that the predictions are based on long-term means, extremes,
and variances, which might not be representative of the niche for dy‑
namic populations (Elith et al. 2010; Elith and Leathwick 2009), and
this could affect the precision of the predictions obtained (Elith et al.
2010; Guisan and Zimmermann 2000). The limitations of SDMs (e.g.,
biases in occurrence sampling and the predictors used, uncertainty
in model evaluation approaches) have also been addressed before
(Araujo and Guisan 2006; Elith et al. 2010), and, particularly, the pro‑
jections of our SDMs based on the native regions need to be inter‑
preted with caution.
All our analyses indicate that the most likely region of origin of this
recent C. citricola invasion is the southern African region, given its
greater climatic matching with the invaded region. We recognize that
although our results are appealing, they are correlative, and support
from complementary analyses to determine, for example genetic af‑
finities between the whole range of the alien populations and those of
the native regions, could certainly provide additional insights into the
origin of the studied invasion (Cristescu 2015; Guillemaud et al. 2010).
Due to the widespread distribution of C. citricola and the contradictory
morphological, behavioral and molecular information, there is also the
possibility that the invasion of C. citricola has multiple sources (e.g.,
that some portion of the American populations arrived from both the
Mediterranean and southern Africa) and/or introduction events (i.e.,
the arrival to the Americas did not happen only once). Though, to be
able to discern if any of these scenarios are true, molecular analyses
addressing these specific questions need to be conducted. There‑
fore, we consider our study an accessible approach that could be im‑
plemented as a first step to direct further research, mainly when re‑
sources to conduct fieldwork or molecular studies might be limited.
In conclusion, the analyses conducted here support the hypothesis
that the invaded populations of C. citricola originated from southern
Africa, based on the assumption that the source region should have
a more similar climate to the invaded region. Our results also provide
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evidence of the expansion of C. citricola into a completely new set of
climatic conditions in the Americas, which could represent a realized
niche shift (reflecting species plasticity) or a fundamental niche shift
(due to rapid evolution). Further studies focusing on physiological
performance, adaptation strategies, and biological constraints for C.
citricola in native and invasive populations may help us reach a bet‑
ter understanding of the processes driving its rapid expansion in the
tropical areas of the invaded region.
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Fig Sl. Projection of each native model to its respective native region.
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Fig S2. Multivariate Environmental Similarity Surfaces (MESS) results between the Americas and both native
regions considered in this study.

Fig S3. N-dimensional hypervolumes of the three compared niches of Cyrtophora citricola compared among
5 dimensions

